A fundamental problem in quantum information is to explore the roles of different quantum correlations in a quantum information procedure. Recent work [Phys. Rev. Lett. 107, 080401 (2011)] shows that the protocol for assisted optimal state discrimination (AOSD) may be implemented successfully without entanglement, but with another correlation, quantum dissonance. However, both the original work and the extension to discrimination of d states [Phys. Rev. A 85, 022328 (2012)] have only proved that entanglement can be absent in the case with equal a priori probabilities. We investigate this topic in a simple case to discriminate three nonorthogonal states of a qutrit, with equal a priori overlaps. In our protocol, the entanglement between the qutrit and an auxiliary qubit is found to be completely unnecessary for arbitrary a priori probabilities. This result shows that the quantum dissonance may play as a key role in optimal state discrimination assisted by a qubit for more general cases.
I. INTRODUCTION
Quantum correlations contained in composite quantum states play important roles in quantum information processing and have been widely studied from various perspectives. Many concepts have been presented to reflect these correlations, such as quantum entanglement [1] , Bell nonlocality [2] , and quantum discord [3, 4] . Entanglement had been regarded as the only resource for demonstrating the superiority of quantum information processing. [1, 5] . However, recent studies [6, 7] show that the algorithm for deterministic quantum computation with one qubit (DQC1) can surpass the performance of the corresponding classical algorithm in the absence of entanglement between the control qubit and a completely mixed state. The quantum discord, which measures the nonclassical correlations and can exist in a separable state, is regarded to be the key resource in this quantum algorithm and has gained wide attention in recent years. Based on a unified view [8] of quantum and classical correlations, another type of quantum correlations called dissonance was put forward. Quantum dissonance measures the nonclassical correlations with entanglement being completely excluded. For a separable state, its dissonance is exactly equal to the quantum discord. Therefore, the quantum discord playing a key role in the computational process is nothing but the dissonance.
Recently, Roa et. al. [9] provided another example after DQC1 in which quantum dissonance serves as the key resource. Namely, they show that for performing assisted optimal state discrimination (AOSD), dissonance is the only quantum correlation required when two nonorthog- * Electronic address: flzhang@tju.edu.cn onal states are prepared with equal a priori probabilities. This result has been extended to the case with d nonorthogonal states [10] . Another line of development in this topic has been towards extending this result to the cases with arbitrary priori probabilities. To this end, Zhang et. al. [11] improved the protocol and proved the entanglement is completely unnecessary for the AOSD of two states. That is, it is quantum dissonance that plays as a key role in AOSD and not quantum entanglement.
The aim of this work is to study this topic in high dimensions with arbitrary priori probabilities. As the first trial, we confine ourselves to the case of three linearly independent nonorthogonal states with equal overlaps. This is the simplest example to verify whether the original result found by Roa et. al. depends on priori probabilities or the dimension of a system to discriminate. To achieve the optimal discrimination, we need to extend the protocol given by Zhang et. al. [11] to a more general form [see Eq. (1) below]. For the optimal case, we found the entanglement to be completely unnecessary and derived the quantum dissonance by using the geometric measure of quantum discord (GMQD) [12, 13] . The details are shown in the following parts.
II. AOSD OF A QUTRIT
Let us consider a three-dimensional system (principal qutrit) randomly prepared in one of the three nonorthogonal states |ψ i , with a priori probabilities p i , where p i ∈ [0, 1] and 2 i=0 p i = 1. For simplify, we set the inner products ψ i |ψ j =i = γ ∈ [0, 1]. To discriminate these three states {|ψ i } unambiguously, we couple the qutrit to an auxiliary qubit A, prepared in a known pure state |k a . Performing a joint unitary transformation U on their whole states, one obtains
where i = 0, 1, 2, and {|i } and {|0 a , |1 a } are the basis for the principal system and the ancilla respectively. An improvement to the previous protocols [9] [10] [11] is that we allow the difference among states |Φ i . Applying the general transformation (1) to the case of two states [9, 11] , one can find the optimal discrimination when |Φ i are the same. After the joint transformation, the mixed state we consider in discrimination is given by
The auxiliary system will collapses to either |0 a or |1 a by performing a von Neumann measurement on the basis {|0 a , |1 a }. If the auxiliary system collapses to |0 a , the state discrimination is successful, because the states |i in (1) can be distinguished deterministically. Otherwise, we fail when the qubit collapses to |1 a . The distinguishing probability of success is then
where i, j, k = 0, 1, 2 and 1 1 s is the unit matrix for the principal qutrit. Here, we set J ij = Φ i |Φ j , and they satisfy α * i α j J ij = γ. To derive the optimal process of state discrimination and study the roles of quantum correlations, we write the states |Φ i as
where {|η i } is a basis for the principal qutrit. Obviously, the success probability P suc is independent of the forms of |η i . Thus, we can first determine the maximum value of P suc and corresponding parameters α i , θ j , and φ in this part, and investigate the quantum correlations in state ρ SA by adjusting |η i in next section. For simplicity and without loss of generality, we assume p 0 ≥ p 1 ≥ p 2 . The region of the priori probabilities can be plotted in the plane of (p 0 , p 1 ) as the triangle ACD shown in Fig. 1 . There are two critical values of γ, as
in the analysis of the optimal success probability. According to their values, the region of ACD in Fig. 1 is divided into three parts, which are (1):
The optimal success probability has four candidates which can be achieved for different values of γ, γ 1 and γ 2 . The four cases are (i):
, and (iv): γ 2 ≥ γ, with the maximal success (ii) :
All these optimal values can be find when θ 3 = π and φ = 0. And the values of θ 1,2 in the four cases satisfy
(ii) :
Here, f (r, s, t) = arccos 1/[1 + r s (
The corresponding values of α i can be derived by using the relations α * i α j J ij = γ. One can find α i = √ γ in case (i),
, and α 2 = 1 in case (iii). One can notice that, when the priori probabilities are in region (1), the optimal success probability takes the form of case (i) which has a linear relation with the overlap γ. As shown in Fig. 2 , the optimal probability of cases (ii-iv) occurs in region (3), but case (ii) is absent in region II. Both the maximal success probabilities in regions (2) and (3) are larger than the one in region I. This result can be explained as that the lack of priori knowledge decreases the optimal success probability, since the region (1) is the nearest one to the point A with equal a priori probabilities.
III. ROLES OF CORRELATIONS
We are now ready to investigate the roles of correlations in the AOSD of a qutrit by adjusting |η i without affecting the optimal success probability P suc,max . We first show the entanglement can be absent in ρ SA . In the AOSD of two states, Zhang et. al. [11] give a decomposition of the system-ancilla state with two separable pure states. This inspires us to assume
and |Ψ 0,1,2 to be three separable pure states. Let the pure states |Ψ j = 2 i=0 c ij U |ψ i |i with j = 0, 1, 2. They can be written as
where
Based on the separable form of the system-ancilla state in [11] , we guess the pure states
where f 1 and f 2 are constants. Then, the problem to prove the absence of entanglement becomes to find the basis {|η i } and parameters c ij satisfying (9) for the four cases discussed in above section. Actually, only |η 0 and |η 1 in the basis influence the state ρ SA , since the optimal discrimination requires θ 3 = 0 in (4). We have numerically proved the existence of solutions to (9) for cases (iii) and (iv). The other two cases can be solved analytically, the details of which are given in the following. Case (i): Only the first base is required as
i=0 p i |i , as θ 1 = θ 2 = 0 and |η 1 disappears from ρ SA . Case (ii): The two states are |η 0 = |0 and |η 1 = −|1 .
We underline that the choice of |η 0,1 to make the state ρ SA separable is not unique. Taking the case (iii) for example, one can derive the condition for separability of the nonnormalized state ρ
† , since α 2 = 1 and U |ψ 2 |k a = |Φ 2 |1 a is a product state. A sufficient condition for separability can be found by generalizing the one in [11] , which is |η 0 = cos β|0 + sin β|1 , |η 1 = sin β|0 − cos β|1 , (10) and
. (11) When θ 1 = 0, it returns to the result in [11] .
Above results reveal that AOSD of three states can be performed in the absence of entanglement. The recent developments [9] [10] [11] illuminate us to consider the dissonance as the key resource in this quantum information processing. The quantum dissonance is equal to quantum discord for separable state [8] . However, due to the supreme in its original definition [3, 4] , quantum discord does not have analytic or operational expression in general. In this work, we adopt the definition of GMQD [12, 13] as its amount. For our bipartite system in the space H S ⊗ H A with dim H S = 3 and dim H A = 2, the state (2) can be represented as
where 1 1 3 and 1 1 2 are the unit matrixes for respective dimension, σ i and λ j are the traceless Hermitian generators of SU (2) and SU(3) respectively, which satisfy Tr(σ i σ j ) = Tr(λ i λ j ) = 2δ ij . The vectors x i , y j and tensor t ji can be calculated as
The GMQD [12, 13] can be given by
where X = (x 1 , x 2 , x 3 ) T , τ is the matrix with elements t ji , and k max is the maximal eigenvalue of the matrix ( Fig. 2 , chosen in the three regions in Fig. 1 , in which the value of (p0, p1) are (1) ment in state ρ SA is not unique, we choose the one satisfying the equation (9), which provides a uniform treatment to the four cases of priori probabilities and overlap. Since the GMQD is not normalized to one and its value for maximally entangled qutrit-qubit states is 0.5, we plot the quantity 2D G (ρ SA ) in Fig. 3 . The priori probabilities are the same as the three lines in Fig. 2 . It is shown that the GMQD has a nonzero value for general case. That is, the dissonance is a key ingredient in the quantum information processing of AOSD for three states. In addition, the amount of dissonance for the solid line corresponding to the region (1) in Fig. 1 is larger than the other two cases. The region (1) is more close to the point A, which corresponds to the maximal priori entropy of the system qutrit. This indicates the lack of priori knowledge increases the requirement of quantum correlations.
The same result has also been drawn out in the AOSD of two states [11] .
IV. SUMMARY
We have studied the protocol for unambiguous discrimination of three nonorthogonal states assisted by a qubit and explored the roles of quantum correlations in this quantum information procedure. We confined ourselves to the case with equal a priori overlaps, which is simplest example to verify whether the conclusions in [9, 11] depends on priori probabilities or the dimension of a system to discriminate. Although the analysis of optimal discrimination is more complicated than the case of two states, the entanglement is completely unnecessary in the optimal procedure. We also calculated the dissonance in the optimal discrimination, by using the definition of geometric discord. It was shown that the priori knowledge deduces the requirement of dissonance. These results reveal that the original results in [9, 11] about the roles of entanglement and dissonance in AOSD may come into existence in arbitrary dimension with arbitrary priori probabilities.
